Abstract This paper proposes and implements a novel electrically chaotic compactor. A modified time-delay feedback control method is applied to chaoize a DC motor in the compactor. The Poincare map, the bifurcation diagram and the maximum Lyapunov exponent are used to analyze the chaos in the electrically chaotic compactor. Simulation comparison not only proves that the electrically chaotic compactor offers better compacting performance than the constant speed compactor but also verifies that the electrically chaotic compactor offers the advantages of good controllability and high flexibility rather than the mechanically chaotic compactor.
I. INTRODUCTION
Vibratory compaction is an important industrial process around the world. A vibratory compactor functions to effectively compact soil and concrete materials, hence achieving the desired density. With the rapid development of construction, there is an urgent need for innovation in the area of vibratory compaction. Reference [1] represents a mechanical analogy for the soil compactor system in terms of the proposed two-degree-of-freedom system. In this research the dynamic interaction between the frame and the drum is described with suspension stiffness K, and suspension damping Cf while the dynamic interaction between the drum and the soil is described with soil stiffness K, and soil damping C, . It is proved that a heavier frame and lighter drum will impart more compaction effort to the soil for the same static weight in their research. Reference [2] researches on improving the vibratory compaction effect by mounting the vibratory drum on the centrifugal, vertical and horizontal position of the compactor respectively. The vertical vibratory compactor is revealed to have the best compaction performance at low frequency. Different from the research on these periodic motion, Reference [3] proposes an innovate compactor to improve compaction effect with chaotic motion. This new compactor termed mechanically chaotic compactor is constructed by rotating three interlinked eccentric masses at a constant speed. The experiment result shows that this compactor exhibits better compaction performance than the conventional constant speed compactor because of its wider amplitude of displacement and wider power spectral density distribution.
The purpose of this paper is to propose and implement a novel electrically chaotic compactor. Different from the mechanically chaotic one, this electrically chaotic compactor will adopt time-delay feedback control to chaoize a DC motor which is coupled with an eccentric mass, hence offering the advantages of good controllability and high flexibility.
In Section 11, dynamic equations of the constant speed compactor and the electrically chaotic compactor will be provided, and in Section III analysis about chaos in the electrically chaotic compactor is presented. Then in Section IV, Simulation comparison not only proves that the electrically chaotic compactor offers better compaction performance than the constant speed compactor but also verifies that the electrically chaotic compactor offers the advantages of good controllability and high flexibility rather than the mechanically chaotic compactor. Finally, in Section V conclusions will be drawn. Fig. I shows the structure of constant speed compactor and electrically chaotic compactor, where Al1 , AlM,, AlI are the weights of the framework, the vibratory plate and the eccentric mass respectively. Kf is suspension stiffness and C1 is suspension damping. Here the soil model is presented by soil stiffness K. and soil damping C, [I] .
I1. SYSTEM MODELING
The dynamic equations of constant speed compactor are given by: (1) (Alp + Al )52,, -Aflco2rcoso)t = -K,yv -C , + K,(y1 -y,,)C1(5t, -, P)+(AI,, + M,)g (2) where r is the gravitational eccentric length of the eccentric mass.
The eccentric mass in the innovated electrically chaotic compactor is driven by a DC motor. The modified time-delay feedback control system is used to chaoize the T i I DC motor. Different from the control system used in chaotic mixing [4] , the modified control system can chaoize the DC motor with large inertia besides small one. Fig.2 shows the block diagram of modified time-delay feedback control system. The corresponding control system can be expressed as:
where B is the viscous damping coefficient of DC motor, J is the rotating inertia of the compactor system, T, is the load torque, r is the time-delay parameter, A is the torque parameter, f is the speed parameter and k is the control gain. Combined (3-4) with (1-2), the dynamic equations of the electrically chaotic compactor can be formed.
In our research, the parameters of constant speed compactor and electrically chaotic compactor are listed in 
The natural frequency of soil can be computed with (10) [2] , [5] :
The parameters of three different clays: soft clay, medium clay and stiff clay and listed in TABLE 11 [6] .
III. CHAOTIC ANALYSIS Let X(t) = co(t) . The sampling time is set as r, and the Poincare map that maps a sample X,, of X(t) at t=nr to its successive one X,,+ at t=(n+l)r is defined as P: 9 -91, Xn+4 = P(X4).
The dynamic equations of the DC motor can be expressed with the following equations [4] : (6) dt
Soil damping can be computed with (7-8) [5] : 
where T7 is the motor torque and K,. is the torque constant. In this paper the feedback control law is chosen as:
So the systems dynamics can be written as: 
The criterion of chaos for this iterative map is the famous period three imply chaos theorem [7] : Let 91 be an interval and map P:9R -> 93 be continuous. Assume there is a point a E 91 for which the points b = P(a) c= P(b)= P2(a) and d = P3(a) satisfy:
Then for every k = 1,2,., there is a periodic point in 91 having period k.
Reference [8] time-delay parameter r = 3s. Soil parameters is set as soft clay parameters and the sampling time is set as the timedelay parameter. Based on the aforementioned time-delay feedback control system, this DC motor is chaoized for the proposed compactor. Fig. 3 and Fig. 4 show the measured waveforms of motor speed and armature current respectively. The corresponding measured phase portrait and Poincare map on the plate of motor speed versus armature current are also plotted in Fig. 5 and Fig. 6 respectively. As expected, they exhibit random-like and bounded properties which are well-known characteristics of chaos.
IV. RESULTS
To describe the advantages of electrically chaotic compactor, the displacement of drum, the vertical exciting force transmitted to surface of soil [l] , and the average compaction energy per unit volume [2] are compared between the constant speed compactor and electrically chaotic compactor with the same average output power. Because practical soil is made of different components, the comparison should be carried on with different soil pa- The total average output power of the constant speed compactor and electrically chaotic compactor are 348w and 342w respectively. It can be concluded that compaction effect is better if the displacement of drum and the vertical exciting force transmitted to soil is larger. Considering the motion of electrically chaotic compactor is irregular, the average displacement and the average vertical exciting force transmitted to soil substitute for the peak value of periodic motion. Fig. 7(a) shows the peak displacement of drum in constant speed compactor with 50 groups of different soil parameters. Fig. 7(b) shows the average displacement of drum in electrically chaotic compactor with 50 groups of different soil parameters. The horizontal lines in the figure represent the average value of 50 groups of simulations. The average values for constant speed compactor and electrically chaotic compactor are 0.26m and 0.50m respectively. Fig. 8(a) shows the peak vertical force transmitted to soil in constant speed compactor with 50 groups of different soil parameters. Fig. 8(b) shows the 12. The average compaction energy per unit volume of soil E can be used to evaluate the compaction performance. E can be calculated by (18) [2] . compactor. the electrically chaotic compactor comprises many vibratory frequencies, the total energy transmitted to soil can be evaluated by accumulating energy at different vibratory frequency. Fig. 9(a) shows the peak E in constant speed compactor with 50 groups of different soil parameters. Fig. 9(b To prove the existence of chaos strictly, Fig. 10 displays the corresponding maximum Lyapunov exponent of each simulation with time series of motor speed [9] [10] . It is shown that each maximum Lyapunov exponent is greater than unity, hence mathematically confirming the existence of chaos.
Compared to the mechanically chaotic compactor, the electrically chaotic compactor can offer good controllability and high flexibility. The chaotic feature and structure of chaotic attractor will be fixed once the size parameters of mechanically chaotic compactor are confirmed. On the other hand, the chaotic feature of electrically chaotic compactor can be changed by adjusting the torque parameter u. Fig. II shows the bifurcation diagram of motor speed respect to A. The bifurcation diagram shows route from the periodic motion to chaotic motion of electrically chaotic compactor with increase of u . By selecting p 1, 4.5 and 100, the power density distributions for acceleration of drum are shown in Fig. 12 . It can be seen that the power density distribution will become wider with increase of p . This ability of offering different chaotic motion by adjusting control parameter enables the electrically chaotic compactor to attain good compaction effect under different soil conditions.
IV. CONCLUSION
In this paper a novel electrically chaotic compactor is proposed and implemented. Different from the mechanically chaotic one, this electrically chaotic compactor will adopt modified time-delay feedback control to chaoize a DC motor which is coupled with only one eccentric mass. The dynamic models of constant speed compactor and electrically chaotic compactor are constructed respectively. The Poincare map of electrically chaotic compactor is deducted to verify the existence of chaos theoretically and practical experiment proves the chaotic feature in motor. Computer simulation shows that the electrically chaotic compactor has better compaction effect than constant speed compactor. The maximum Lyapunov exponent verifies the existence of chaos in the simulation strictly. The bifurcation diagram and power density distribution show the chaotic motion can be changed by adjust- ing control parameter in electrically chaotic compactor. The ability enables the electrically chaotic compactor to offer good controllability and high flexibility rather than the mechanically chaotic compactor.
